Introduction {#Sec1}
============

Collimated streams of particles (jets) can be produced in highly energetic parton-parton interactions in proton-proton (s) collisions, and their properties are described by the theory of strong interactions, quantum chromodynamics (QCD). In the lowest order perturbative QCD (pQCD), two jets with high transverse momenta $\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha _S$$\end{document}$ has to be performed. This resummation is approximated through the use of parton showers in Monte Carlo (MC) event generators.

Azimuthal correlations in inclusive 2-jet events have been measured previously by the D0 Collaboration in $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=1.96\,\text {Te}\text {V} $$\end{document}$ \[[@CR1], [@CR2]\], in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {p}} {\text {p}} $$\end{document}$ collisions by the ATLAS Collaboration at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=7\,\text {Te}\text {V} $$\end{document}$ \[[@CR3]\], and by the CMS Collaboration at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=7$$\end{document}$, 8, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$13\,\text {Te}\text {V} $$\end{document}$ \[[@CR4]--[@CR6]\], but none of the measurements considered in detail the region close to the back-to-back configuration. A detailed study of azimuthal correlations close to the back-to-back configuration allows a more precise test of different resummation strategies, and it is a first step towards an improved understanding of the effects of soft initial and final state gluons \[[@CR7], [@CR8]\]. The leading- and next-to-leading-logarithm contributions to the dijet azimuthal angular correlation have been investigated in \[[@CR9]--[@CR11]\]. The effects of applying a transverse momentum dependent parton showering to the dijet azimuthal angular correlation were studied in \[[@CR12]\].

In this article measurements are reported of the normalized inclusive 2-jet distribution as a function of the azimuthal separation $\documentclass[12pt]{minimal}
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The inclusive 3-jet distributions, differential in $\documentclass[12pt]{minimal}
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The measurements are performed using data collected from p p collisions at $\documentclass[12pt]{minimal}
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The CMS detector {#Sec2}
================

The central feature of the CMS detector is a superconducting solenoid, 13 m in length and 6 m in inner diameter, providing an axial magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Charged-particle trajectories are measured by the tracker with full azimuthal coverage within pseudorapidities $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.4$$\end{document}$ by gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. A detailed description of the CMS detector together with a definition of the coordinate system used and the relevant kinematic variables can be found in Ref. \[[@CR13]\].

Theoretical predictions {#Sec3}
=======================

Simulations from leading-order (LO) and next-to-LO (NLO) MC event generators are investigated. Among the LO event generators, both [pythia 8]{.smallcaps} \[[@CR14]\] (version 8.219) and [herwig++]{.smallcaps} \[[@CR15]\] (version 2.7.1) are used for predictions because they feature different parton showering (PS) algorithms for soft and collinear parton radiation at leading-log accuracy. In [pythia 8]{.smallcaps} the PS emissions cover a region of phase space ordered in *x* (fraction of the proton momentum carried by the parton) and the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}}$$\end{document}$ of the emitted parton, whereas in [herwig++]{.smallcaps} the parton emissions are ordered in *x* and the angle of the radiated parton (angular ordering). The Lund string model \[[@CR16]\] is used for hadronization in [pythia 8]{.smallcaps}  \[[@CR14]\], whereas in [herwig++]{.smallcaps} the cluster fragmentation model \[[@CR17]\] is applied. Multiparton interactions (MPI) are simulated in [pythia 8]{.smallcaps} (tune CUETP8M1 \[[@CR18]\] with the parton distribution function (PDF) set NNPDF2.3LO \[[@CR19], [@CR20]\]) and in [herwig++]{.smallcaps} (tune CUETHppS1 \[[@CR18]\] with the PDF set CTEQ6L1 \[[@CR21]\]) with parameters tuned to measurements in p p collisions at the LHC and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text {p}} {\bar{\mathrm{p}}} $$\end{document}$ collisions at the Tevatron.

The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\textsc {MadGraph}} {}5\_\text {a}{\textsc {mc@nlo}} $$\end{document}$ \[[@CR22]\] version 2.3.3 event generator (labelled as [MadGraph]{.smallcaps} in the following) interfaced with [pythia 8]{.smallcaps} with tune CUETP8M1 is also used in the analysis. Processes with up to 4 final-state partons at LO accuracy are calculated using the NNPDF2.3LO PDF set. The $\documentclass[12pt]{minimal}
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Among the NLO event generators, predictions obtained using the [powheg]{.smallcaps} [box]{.smallcaps} library \[[@CR24]--[@CR26]\] (version 2) with the PDF set NNPDF3.0NLO \[[@CR27]\] are considered. The event generators [pythia 8]{.smallcaps} (tune CUETP8M1) and [herwig++]{.smallcaps} (tune CUETHppS1) are used to simulate PS, hadronization, and MPI. The [powheg]{.smallcaps} generator in dijet mode \[[@CR28]\], referred to as [ph-2j]{.smallcaps}, provides an NLO dijet calculation, which is accurate to LO for the azimuthal correlation between the leading jets. The [powheg]{.smallcaps} generator in three-jet mode \[[@CR29]\] (using the MiNLO scheme \[[@CR30], [@CR31]\]), referred to as [ph-3j]{.smallcaps}, provides an NLO $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}}$$\end{document}$ of 100 GeV is required on the partons in the Born process, while for the [ph-3j]{.smallcaps} ME the minimum is lowered to 10 GeV to ensure coverage of the full phase space. These thresholds are applied to optimize the generation of events in the phase space of interest. The matching between the [powheg]{.smallcaps} matrix element calculations and the [pythia 8]{.smallcaps} underlying event (UE) \[[@CR18]\] simulation is performed by using the shower-veto procedure (UserHook option 2 \[[@CR14]\]). The matching between the [powheg]{.smallcaps} matrix element calculations and the [herwig++]{.smallcaps} UE \[[@CR18]\] is performed by using a truncated shower \[[@CR24]\].

Events generated by [pythia 8]{.smallcaps} (tune CUETP8M1), [herwig++]{.smallcaps} (tune CUETHppS1), and [MadGraph]{.smallcaps} interfaced with [pythia 8]{.smallcaps} (tune CUETP8M1) are passed through a full detector simulation based on [Geant4]{.smallcaps} \[[@CR32]\]. The simulated events events are reconstructed with standard CMS programs.

Table [1](#Tab1){ref-type="table"} summarizes the theoretical predictions used in the present analysis.Table 1Monte Carlo event generators, parton densities, and underlying event tunes used for comparison with measurementsMatrix element generatorSimulated diagramsPDF setTune[pythia]{.smallcaps}  8.219 \[[@CR14]\]2$\documentclass[12pt]{minimal}
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Jet reconstruction and event selection {#Sec4}
======================================

The measurements are based on data samples collected with single-jet high-level triggers \[[@CR33], [@CR34]\]. The five single-jet triggers require at least one jet in the event with $\documentclass[12pt]{minimal}
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Particles are reconstructed and identified using a particle-flow (PF) algorithm \[[@CR35]\], which utilizes an optimized combination of information from the various elements of the CMS detector. Jets are reconstructed by clustering the four-vectors of the PF candidates with the infrared- and collinear-safe anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$R=0.4$$\end{document}$. The clustering is performed with the [FastJet]{.smallcaps} package \[[@CR37]\]. To reduce the contribution to the reconstructed jets from additional p p interactions within the same bunch crossing (pileup), the charged-hadron subtraction technique \[[@CR38]\] is used to remove tracks identified as originating from pileup vertices. The average number of pileup interactions per single bunch crossing observed in the data is about 27. The pileup contribution from neutral hadrons is corrected using a jet-area-based correction technique \[[@CR39]\].
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Measurements of the normalized inclusive 2- and 3-jet distributions {#Sec5}
===================================================================

The normalized inclusive 2- and 3-jet distributions as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta \phi _{12}$$\end{document}$ are corrected for detector resolution. We achieve this by unfolding the observables to the level of stable final-state particles. In this way, a direct comparison of these measurements to results from other experiments and to QCD predictions is possible. Particles are considered stable if their mean decay length is larger than 1 cm.

The unfolding procedure is based on the D'Agostini algorithm \[[@CR41]\], which is implemented in the [RooUnfold]{.smallcaps} package \[[@CR42]\], by using a response matrix that maps the generated jets onto the jets reconstructed by the CMS detector. The regularization (number of iterations) of the unfolding procedure is chosen by comparing the difference in $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varDelta \phi _{12}$$\end{document}$. The response matrices are obtained using simulated events from the [pythia 8]{.smallcaps} event generator with the tune CUETP8M1. The difference between the unfolded distributions and the distributions at detector level range from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$1% for the low $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions up to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$5% for the high $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions.

The sources of systematic uncertainties arise primarily from the jet energy scale calibration (JES), the jet energy resolution (JER), the $\documentclass[12pt]{minimal}
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Alternative response matrices are obtained by using the $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta \phi _{12}$$\end{document}$ resolution determined from fully simulated events. This resolution is varied by ±10%, an amount that is motivated by the observed difference between data and simulation. The resulting uncertainty is estimated to be below 1%.

An additional systematic uncertainty is caused by the dependence of the response matrix on the choice of the MC generator. Alternative response matrices are built using the [herwig++]{.smallcaps} and [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps} event generators. Because this analysis uses a finer binning compared with that of Ref. \[[@CR6]\], the sensitivity to the uncertainty in the unfolding is increased. The observed effect from bin migration is less than 2%.

The JER and shifts in the JES can cause events to migrate between the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The JES uncertainties on the energy measurement are estimated to be 1--2% \[[@CR38]\]. The resulting JES uncertainties in the normalized inclusive 2-jet distributions due to bin migrations are less than 2%, whereas for the normalized inclusive 3-jet distributions they are less than 3%. The effect of the JER uncertainties \[[@CR38]\] is estimated by varying the JER parameters by one standard deviation up and down and comparing the results before and after the changes. The JER-induced uncertainties are less than 0.2% for the inclusive 2-jet $\documentclass[12pt]{minimal}
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Comparison to theoretical predictions {#Sec6}
=====================================

In this section the measurements are compared with different theoretical predictions introduced in Section [3](#Sec3){ref-type="sec"}. In all figures displaying ratios, the solid band indicates the total experimental uncertainty and the error bars represent the statistical uncertainties from the simulation. In the figures displaying the normalized distributions, the error bars on the data represent the total experimental uncertainty and the error bars on the predictions represent the statistical uncertainty of the simulation. The uncertainties are often so small that the bars are not visible.Fig. 1Normalized inclusive 2-jet distributions as a function of the azimuthal separation of the two leading jets $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The data are represented by the markers and the theory by histograms. Overlaid with the data are predictions from the [herwig++]{.smallcaps} event generator (solid lines) and [pythia 8]{.smallcaps} (dotted lines). The total experimental uncertainty is depicted as error bars on the measurement

The unfolded normalized inclusive 2-jet distribution as a function of $\documentclass[12pt]{minimal}
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The ratios of the NLO predictions to data for the unfolded normalized inclusive 2-jet distributions for the different $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions are shown in Fig. [3](#Fig3){ref-type="fig"}. The NLO calculations considered are [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-2j]{.smallcaps} + [herwig++]{.smallcaps}, and [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}. Among these NLO predictions [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps} agrees better with the data. The [ph-2j]{.smallcaps} + [herwig++]{.smallcaps} prediction is similar to the one of [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}, except for the lowest $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ region.Fig. 3Ratios of the normalized inclusive 2-jet distributions for the [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}, and [ph-2j]{.smallcaps} + [herwig++]{.smallcaps} predictions to data as a function of the azimuthal separation of the two leading jets $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The solid band indicates the total experimental uncertainty and the error bars on the MC points represent the statistical uncertainty of the simulated data. The [ph-3j]{.smallcaps} prediction is not shown for the highest bin in $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The data are represented by the markers and the theory by histograms. Overlaid with the data are predictions from the [herwig++]{.smallcaps} event generator (solid lines) and [pythia 8]{.smallcaps} (dotted lines). The total experimental uncertainty is depicted as error bars on the measurement

In Fig. [4](#Fig4){ref-type="fig"} the unfolded normalized inclusive 3-jet distribution as a function of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The ratios of the normalized inclusive 3-jet distributions for the [pythia 8]{.smallcaps}, [herwig++]{.smallcaps}, and [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps} predictions to data are shown in Fig. [5](#Fig5){ref-type="fig"} for the different $\documentclass[12pt]{minimal}
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                \begin{document}$$180^{\circ }$$\end{document}$, whereas [pythia 8]{.smallcaps} and [herwig++]{.smallcaps} give a good description of the data.Fig. 5Ratios of the normalized inclusive 3-jet distributions for the [pythia 8]{.smallcaps}, [herwig++]{.smallcaps}, and [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps} predictions to data as a function of the azimuthal separation of the two leading jets $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ regions. The solid band indicates the total experimental uncertainty and the error bars on the MC points represent the statistical uncertainty of the simulated data Fig. 6Ratios of the normalized inclusive 3-jet distributions for the [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}, and [ph-2j]{.smallcaps} + [herwig++]{.smallcaps} predictions to data as a function of the azimuthal separation of the two leading jets $\documentclass[12pt]{minimal}
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The ratios of the NLO predictions from [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-2j]{.smallcaps} + [herwig++]{.smallcaps}, and [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps} to data for the normalized inclusive 3-jet distributions are shown in Fig. [6](#Fig6){ref-type="fig"}. All the considered NLO+PS predictions fail to describe the measurements close to $\documentclass[12pt]{minimal}
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                \begin{document}$$180^\circ $$\end{document}$. The predictions from [ph-3j]{.smallcaps} and [MadGraph]{.smallcaps} (Fig. [5](#Fig5){ref-type="fig"}) behave very differently, in contrast to their similar trend in the inclusive 2-jet case.

Since [pythia 8]{.smallcaps}, [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}, and [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps} use the same parton shower, the observed differences in the predictions can be attributed to the treatment of the additional partons present in the [powheg]{.smallcaps} and [MadGraph]{.smallcaps} ME.
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The uncertainty from PS dominates for the normalized inclusive 2-jet distributions. It is one order of magnitude larger than the rest of the sources near $\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} (8) show the ratios of the [ph-2j]{.smallcaps} predictions to data for the normalized inclusive 2(3)-jet distributions for the different $\documentclass[12pt]{minimal}
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For the inclusive 2-jet distributions, the theoretical uncertainty is larger than the experimental one in the region close to $\documentclass[12pt]{minimal}
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Summary {#Sec7}
=======

Measurements of the normalized inclusive 2- and 3-jet distributions as a function of the azimuthal separation $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta \phi _{12}$$\end{document}$ distributions generally agree with predictions from [pythia 8]{.smallcaps}, [herwig++]{.smallcaps}, [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-2j]{.smallcaps} + [herwig++]{.smallcaps}, and [powheg]{.smallcaps} ([ph-2j]{.smallcaps} and [ph-3j]{.smallcaps}) matched to [pythia 8]{.smallcaps}. Discrepancies between the measurement and theoretical predictions are as large as 15%, mainly in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta \phi _{12}$$\end{document}$, where the contribution of resummation effects becomes smaller. The 2- and 3-jet measurements are not simultaneously described by any of models.

The tree-level multijet event generator [MadGraph]{.smallcaps} in combination with [pythia 8]{.smallcaps} for showering, hadronization, and multiparton interactions, shows deviations from the measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta \phi _{12}$$\end{document}$ for the inclusive 2-jet case, and even larger deviations for the 3-jet case. The [pythia 8]{.smallcaps} and [herwig++]{.smallcaps} predictions show deviations (up to 10%) for the 2-jet inclusive distributions, whereas their predictions are in reasonable agreement with the inclusive 3-jet distributions.

The next-to-leading-order [ph-2j]{.smallcaps} + [pythia 8]{.smallcaps} prediction does not describe the data and a different trend compared to [pythia 8]{.smallcaps} and [herwig++]{.smallcaps} towards $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{{\mathrm{T}}} ^{\mathrm{max}}$$\end{document}$ intervals. [MadGraph]{.smallcaps} + [pythia 8]{.smallcaps}, [ph-3j]{.smallcaps} + [pythia 8]{.smallcaps}, and [ph-2j]{.smallcaps} + [herwig++]{.smallcaps} show deviations from the measurements of up to 15%.

The measurement of correlations for collinear back--to--back dijet configurations probes the multiple scales involved in the event and, therefore, the differences observed between predictions and the measurements illustrate the importance of improving the models of soft parton radiation accompanying the hard process.
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